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Tannic acidThis work shows the design of highly porous membranes with tunable wettability based on poly(2-n-propyl-2-
oxazoline) (PnPrOx) nanofibers. Wicking and advanced contact angle experiments demonstrate the high poten-
tial for applications requiring specific interactions with aqueous media. PnPrOx is a popular member among the
biocompatible poly(2-oxazoline)s due to its thermoresponsiveness in aqueous solutions, enabling the produc-
tion of ‘smart materials’. On material level, however, many interesting properties of this polymer remain undis-
covered. Electrospinning is an ideal technique to transfer the properties observed in solutions to end-material
properties, as the polymer is processed into highly porous, nanofibrous membranes. PnPrOx' electrospinnability
is here investigated in environmentally friendly ethanol/water solvent systems, ensuring industrial scalability.
The nanofibrous membranes show increased hydrophobicity exhibiting the rose-petal effect. Upon
functionalization with tannic acid, the hydrophobic membranes are transformed into hydrophilic nanofibers
showingwater-stability in both fresh and saltywater, even below the polymer cloud point temperature. By vary-
ing the tannic acid amount, the hydrophilicity can be fine-tuned as the contact area between water droplets andoogenboom), karen.declerck@ugent.be (K. De Clerck).
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2 E. Schoolaert et al. / Materials and Design 192 (2020) 108747surface, the rate and manner of water uptake and the extent of the rose-petal effect can be manipulated easily.
Hence an interesting material is designed for applications in which water caption and transport are important.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Poly(2-n-propyl-2-oxazoline) or PnPrOx is one of the members of
the poly(2-oxazoline)s (PAOx), a class of polymers drawing increasing
attention in a wide range of applications, especially in the biomedical
field [1–7]. PAOxhave been proposed as an alternative to commonly ap-
plied biomedical polymers such as poly(ethylene glycol), poly(N-
isopropylacrylamide) and poly(N-vinylpyrrolidone) thanks to their bio-
compatibility [2,5,8], tunable solubility [1], size and structural variability
[1,3], and straightforward chemical functionalization [9–13]. PnPrOx in
particular is water-soluble and exhibits lower critical solution tempera-
ture (LCST) behavior, meaning that the polymer is soluble in water
below its LCST, i.e., ~25 °C, but insoluble above this temperature
[1,14–18]. In the hydrated soluble state, PnPrOx shows excellent stealth
behavior making this polymer and its copolymers ideal candidates for,
e.g., drug and gene delivery [1–5]. Apart from biomedical applications,
the properties of PnPrOx are of interest to other fields as well, such as
sensor applications and thermoresponsive systems [19–22].
With respect to these various fields of applications, nanofibers have
been described extensively as a high-potential support material, being
characterized by high porosity and high specific surface area thanks to
the fine fiber diameter (below 500 nm) [23–30]. The membranes are
typically produced by solvent electrospinning, which is a cost-
efficient, straightforward and known production process in industry
[27,29–31]. A large breakthrough of electrospinning on the market is,
however, partially inhibited by the use of deleterious solvents needed
to solubilize commonly applied hydrophobic polymers [31]. The use of
water-soluble polymers, e.g., thermoresponsive polymers, such as
PnPrOx, can clear the way for a more environmentally friendly
electrospinning process, therefore overcoming common barriers in
electrospinning.
By combining the inherent properties of PnPrOx and nanofibers, an
interesting thermoresponsive material can be designed that changes
its behavior in aqueous environments depending on temperature, yet,
this combination is scarcely investigated to date. Probably because ex-
tensive research towards both biomedical applications of PAOx and
nanofibers has emerged only within the last two decades [8,32]. To
the best of the authors' knowledge, no electrospinning of PAOx has
been reported to this date, except for poly(2-ethyl-2-oxazoline)
(PEtOx) and poly(2-isopropyl-2-oxazoline) and their copolymers
[33–37].
In this work, a nanofibrous membrane with tunable wettability is
created including the discovery of valuable and fundamental properties
of PnPrOx. The electrospinnability and nanofiber properties of PnPrOx
are investigated as well as the functionalization of the membranes
with tannic acid. Well-defined PnPrOx of two different molar masses,
i.e., 30 kDa and 60 kDa, is applied to show the influence of molar mass
on the PnPrOx thermoresponsivity and electrospinnability. The choice
for tannic acid is twofold. First of all, tannic acid is applied as a biocom-
patible, physical crosslinking agent to solve the issue of water solubility
below PnPrOx' LCST, which might be inconvenient for specific applica-
tions. Previous work already showed that water-instability of PEtOx
nanofibers could be circumvented by crosslinking strategies, yet com-
plex and requiring copolymers [34,35]. PnPrOx, on the other hand, al-
lows for more straightforward crosslinking due to its more
hydrophobic nature. Powerful hydrogen bonding is possible at the car-
bonyl groups of the present amides. Tannic acid has been applied before
as a crosslinking tool based on its ability to form a high amount ofhydrogen bonds at its galloyl moieties [38–43]. Crosslinking of PAOx
nanofibers with tannic acid, however, has not been mentioned before.
The second reason to choose tannic acid as a functionalizing agent is
that it provides hydrophilic entities to the material surface. As a result,
the rather hydrophobic nature of the polymer nanofibers caused by
their inherent surface roughness [44–51], can be altered to produce a
material that is water-stable yet hydrophilic. Although electrospinning
has frequently been used as a tool to produce superhydrophobic mate-
rials [47,50,52,53], hydrophilic nanofibrous materials that are water-
stable might also be of great interest to many application areas where
water caption and transport are important, e.g., biomedical wound
dressings.
Our work shows the applicability of a fundamental and important
breakthrough in PAOx chemistry, being the synthesis of well-defined,
high molar mass PnPrOx. By enabling the production of these longer
polymers, they can be processed into valuable end-materials such as
nanofibers since higher molar masses result in significant chain entan-
glement required for the formation of a continuousfilament during pro-
cessing. This work shows that well-defined PnPrOx can be successfully
electrospun into a nanofibrousmaterialwith interesting surface proper-
ties. Importantly, the membranes can be produced by an ecological
friendly and scalable electrospinning process as PnPrOx showed to be
soluble in specific water/ethanol solvent systems at high concentra-
tions. This is a benefit for biomedical applications as no toxic solvent
rest fractions are present in the end-material. It is further shown that
PnPrOx allows for stabilization in aqueous environments of different sa-
linity by a simple crosslinking procedure using a biocompatible agent
such as tannic acid. At the same time, the membrane's surface is func-
tionalized enabling the manipulation of the surface wettability. Thanks
to the easy-to-tune wettability, PnPrOx nanofibrous membranes could
be of interest to all applications where water caption and transport
are important, including filtration and biomedicine.
2. Experimental section
2.1. Materials
Ethanolamine (N99%) from Tokyo Chemical Industry (TCI), zinc ace-
tate dihydrate and methyl-p-toluenesulfonate (98%) from Sigma-
Aldrich, butyronitrile (N98.5%), ninhydrin, sodium and chlorobenzene
(N99%) from Acros Organics were used as received unless stated other-
wise. For the synthesis of 60 kDa PnPrOx chlorobenzene (Sigma-Al-
drich) was sequentially washed three times with sulfuric acid (Sigma-
Aldrich), sodium bicarbonate solution (Sigma-Aldrich) and deionized
water. After drying over magnesium sulfate (Sigma-Aldrich) and bar-
ium oxide (Sigma-Aldrich), chlorobenzene was distilled twice under
argon overpressure. 2-Phenyl-2-oxazoline (PhOx, Polymer Chemistry
Innovation) was dried over barium oxide (Sigma-Aldrich) and distilled
under vacuum. Tetrafluoroboric acid from Sigma-Aldrich was used as
received. For the electrospinning solutions, mixtures of distilled water
and absolute ethanol (99.8%, PanReac AppliChem) were applied. Physi-
cal crosslinking of nanofibers was done using tannic acid
(1701.2 g·mol−1) from Sigma-Aldrich. All tests involving water were
carried out with deionized water of type III as considered in ISO Stan-
dard 3696, having a conductivity below 0.5 μS·cm−1. To increase salin-
ity of the aqueous solutions, NaCl (Sigma-Aldrich) was added to
deionizedwater in different concentrations. The phosphate-buffered sa-
line (PBS) solutionwas produced by adding 8 g of NaCl (Sigma-Aldrich),
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of KH2PO4 (Sigma-Aldrich) to 800 mL of deionized water. The pH of
the mixture was adjusted to 7.4 by addition of HCl (Sigma-Aldrich).
After reaching a pH of 7.4, deionized water was added until a volume
of 1 L was reached. For water uptake tests a colored aqueous solution
was made by addition of methylene blue (Sigma-Aldrich) to deionized
water.
2.2. Synthesis of PnPrOx
PAOx are synthesized by cationic ring-opening polymerization of
their respective 2-oxazolinemonomers. In this work, PnPrOx of two dif-
ferent molar masses, i.e., 30 kDa (Mn: 15300 g·mol−1, Mp:
26100 g·mol−1, Đ: 1.4, Figs. S1 and S2) and 60 kDa (Mn:
37400 g·mol−1, Mp: 51300 g·mol−1, Đ: 1.2, Figs. S1 and S2), were pre-
pared which required different synthesis procedures to obtain well-
defined polymers as chain transfer reactions becomemore pronounced
at highermolarmasses [54,55]. The synthesis procedures of bothmono-
mers and polymers are based on previous work [54–56], and details can
be found in Supporting Information.
2.3. Electrospinning
Electrospinning solutions were prepared by dissolving different
amounts of the polymers in water/ethanol solvent systems with differ-
ent ratios expressed in volume percentage (vol%). Mass concentrations
are expressed byweight percentages (wt%) defined as the ratio of poly-
mer mass and the sum of polymer and solvent mass. Solvent
electrospinning experiments were carried out using a mono-nozzle
set-up with an 18 gauge Terumo mixing needle without bevel. A ring-
electrodewasmounted around the needle to efficiently guide the jet to-
wards the collector, which enhanced process stability and reduced the
deposition area giving thicker membranes. A stable Taylor cone was
achieved at a flow rate of 0.5 mL·h−1, tip to collector distance of
15 cm and voltage between 15 kV and 25 kV at room conditions
((25 ± 5)°C and (35 ± 5)% relative humidity).
2.4. Physical crosslinking of the nanofibers
The produced nanofibrous membranes were physically crosslinked
by dipping them in aqueous solutions of different tannic acid concentra-
tions expressed in weight percentage (wt%) defined as the ratio of tan-
nic acid to solution mass. The tannic acid concentration ranged from
0 wt% to 10 wt% which resulted in an increase in intensity of the
orange-brown color of the dipping solutions. The dipping solutions
were placed on a heating plate and a temperature of 30 °C was main-
tained during the crosslinking procedure. A dipping time of 10 s was
chosen for all physical crosslinking treatments. The nanofibrous mem-
branes were subsequently air-dried.
2.5. Characterization
Size Exclusion Chromatography (SEC) was performed on an Agilent
1260-series HPLC system equipped with a 1260 online degasser, 1260
ISO-pump, 1260 automatic liquid sampler (ALS), thermostatted column
compartment (TCC) at 50 °C equipped with two PLgel 5 μm mixed-D
columns and a precolumn in series, 1260 diode array detector (DAD)
and a 1260 refractive index detector (RID). The used eluent was
dimethylacetamide (DMA) containing 50 mM of LiCl at a flow rate of
0.5 mL/min. The spectra were analyzed using Agilent Chemstation soft-
warewith the GPC add on.Molarmass and dispersity valueswere calcu-
lated based on PEtOx standards.
Gas chromatography (GC) was used to determine nitrile conversion
during monomer synthesis and the monomer conversion during poly-
mer synthesis as the ratio of the integrals respectively corresponding
to the nitrile or monomer and the applied solvent dissolved inchloroform. The analysis was performed on an Agilent 7890A system
equipped with a VWR Carrier-160 hydrogen generator and an Agilent
HP-5 column of 30 m length and 0.32 mm diameter. An FID detector
was used and the inlet was set to 250 °C with a split injection of ratio
25:1. Hydrogen was used as carrier gas at a flow rate of 2 mL/min. The
oven temperature was increased with 20 °C/min from 50 °C to 120 °C
followed by a temperature ramp of 50 °C/min to 300 °C.
1H-Nuclear Magnetic Resonance (NMR) spectroscopic analysis was
carried out with a Bruker Avance 300 MHz Ultrashield or a Bruker
Avance II 400 MHz apparatus at room temperature. The samples were
dissolved in deuterated chloroform (N99.8%, Eurisotop).
Cloud point temperature (Tcp) measurements were carried out by
turbidimetry on an Avantium Crystal 16 turbidimeter. 1 mL of the solu-
tions with different polymer concentrations was examined by cycling
the temperature between 0 °C and 35 °C. The Tcp was determined as
the temperature at which the transmission of the solution had lowered
to 50% during heating. Following recent recommendations, the heating/
cooling rate was set at 0.5 K·min−1 [57].
The viscosity of electrospinning solutions was calculated from flow
curves measured on an MCR 302 Anton Paar rheometer with a Peltier
CTD180heating equipment. 2mL sampleswere pressed between a pro-
filed, lower measuring plate and an upper, parallel rotating plate with a
25 mm diameter. Measurements were done at room conditions (25 °C,
(35 ± 5)% relative humidity). Electrospinning processes are character-
ized by high shear rates. The shear ratewas therefore logarithmically in-
creased from 1 to 500 s−1. Linear increase gave similar results.
Newtonian behaviorwas observed for all solutionsmeaning that viscos-
ity remains constant at all applied shear rates. Viscosity was calculated
as the ratio of shear stress and shear rate.
All produced nanofibrous membranes were analyzed on an FEI
Quanta 200 FFE Scanning Electron Microscope (SEM) at an accelerating
voltage of 20 kV. Prior to analysis the samples were coated with gold
using a sputter coater (Balzers Union SKD 030). The nanofiber diame-
ters were measured using ImageJ software. The average diameters and
their standard deviations were based on 50 measurements per sample.
Modulated temperature Differential Scanning Calorimetry (MDSC)
was used to measure glass transition temperatures (Tg). A TA Instru-
ments Q2000 equipped with a refrigerated cooling system (RCS90)
was applied using nitrogen as purge gas (50 mL·min−1). The instru-
ment was calibrated using Tzero technology for standard Tzero alumi-
num pans using indium at the heating rate applied during
measurements. The heating rate was set at 2 K·min−1 and samples of
(2.5 ± 0.5) mg were used. A temperature modulation of ±0.5 °C
every 40 s was selected. Samples were subjected to two heating cycles
from 0 °C to 250 °C. Tg was determined with TA Universal Analysis
software.
Infrared (IR) spectra were recorded with a Fourier Transform Infra-
red (FTIR) spectrometer equippedwith an Attenuated Total Reflectance
(ATR) accessory (diamond crystal) from Thermo Scientific. Samples
were excited with light of wavenumbers ranging from 4000 cm−1 to
400 cm−1. A resolution of 4 cm−1 and 32 scans for each sample were
applied.
UV–Vis spectra were recorded using a double beam Perkin-Elmer
Lambda 900 UV–Vis spectrophotometer. Solutions were measured in
transmissionmode using 1 cmmatched quartz cells while solid samples
were characterized in reflection with an integrated Spectralon
Labsphere (150 mm). The samples were excited with light of wave-
lengths ranging from 800 to 200 nm with a data interval of 1 nm for
transmission and 4 nm for reflection. Transmission and reflection
were converted into absorbance (A) and Kubelka-Munk (K-M)
respectively.
Thewater stability of the nanofibrousmembranes was tested by im-
mersion of the membranes in deionized water at specific temperatures,
i.e., 5 °C (below the determined Tcp), 25 °C (around the determined Tcp)
and 30 °C (above the determined Tcp), for times ranging from 10min to
24 h. The membranes were subsequently dried in air. As physically
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immersion time are shown.
Stability of the membranes in aqueous solutions with increasing sa-
linity (0.0017 M NaCl, 0.017 M NaCl, 0.17 M NaCl, 1.7 M NaCl, 5.1 M
NaCl) as well as in PBS solution and regular tap water was investigated.
Aqueous solutions were kept at 10 °C (below the determined Tcp) and
samples were immersed overnight. Membranes were subsequently
dried in air, SEM-images were taken.
Static and dynamic contact angles were determined with a DSA 30
Krüss GmbH drop shape analyzer and an OCA 25 contact angle setup
with tilting base from DataPhysics. Droplets of 2 μL deionized water
were dropped onto the nanofibers' surface at room conditions (25 °C,
(35 ± 5)% relative humidity) and at 15 °C. Temperature regulation of
samples and liquid could be achieved by using respectively a tempera-
ture chamber and a heating/cooling device for syringes. Average contact
angles and standard deviations were measured using either ImageJ or
OCA 25 software. Apart from static and dynamic contact angles, also
the rose-petal effect was investigated by maximizing the droplet vol-
ume adhering to the sample surface when tilting the sample. Samples
were always tilted at 2°/s. To evaluate the uptake of a water droplet
by the membranes, a colored aqueous solution was used by dissolving
methylene blue in deionized water.
3. Results and discussion
3.1. Solvent electrospinning and water stability of PnPrOx nanofibers
PnPrOx consists of a hydrophilic, tertiary amide based backbone
with hydrophobic n-propyl groups in the side chains, which provides
the polymer with thermoresponsive properties. Turbidimetrymeasure-
ments indeed reveal cloud point temperatures (Tcp) ranging from 19 °C
to 23 °C depending on the molar mass and concentration (Fig. S3),
which is in agreement with literature [1,14,16,17]. PnPrOx is soluble in
water below this temperature but phase separates above. A higher
molar mass decreases the Tcp as the polymer chains become longer,
which favors polymer-polymer interactions over polymer-water hydro-
gen bonds. This means that, already at lower temperature, it becomes
thermodynamically more favorable to dehydrate the polymer chains
as this process is entropy driven. For example, at a concentration of
10 mg·mL−1 the Tcp of PnPrOx of 30 kDa is 22 °C. On the other hand,
the Tcp of PnPrOxof 60 kDa is 21 °C at the same concentration. Also poly-
mer concentration has a significant influence on Tcp. Higher concentra-
tions in water again benefit interchain interactions, reducing Tcp.
However, true LCST behavior is not observed as the Tcp completely dis-
appears if the concentration becomes too high, i.e. the polymer is no lon-
ger soluble/miscible with water at 150 mg·mL−1. PnPrOx of these highFig. 1. a) Pictures and b) turbidimetry analysis of PnPrOx of 30 kDa (250mg·mL−1) inwater/et
decreases, i.e., vol% ethanol increases, the polymer solution changes from phase separated over
30 vol% to 50 vol% ethanol, the gel phase increases in volume as the polarity of the solvent syst
ethanol solvent system (note that the vial on the right contains a stirring bar). In (b) the solvemolar masses thus becomes completely water-insoluble at high
concentrations.
This phenomenon has a major influence on the production of
PnPrOx nanofibers. Indeed, typically high polymer concentrations
(N100mg·mL−1 depending on molar mass) are required to induce suf-
ficient chain entanglements for the formation of fibers. Since PnPrOx is
not soluble inwater at these high concentrations, water/ethanol solvent
systems of different volumetric ratios (including 0/100 vol% water/eth-
anol) were chosen, which are still an environmentally friendly options.
Hoogenboom et al. already described the solubility of PnPrOx in water/
ethanol solvent systems, but only for low polymer concentrations, i.e.,
5 mg·mL−1 [14]. From Fig. 1 and Fig. S4 it is clear that at much higher
concentrations relevant to the electrospinning process, i.e.,
250 mg·mL−1 for PnPrOx of 30 kDa and 150 mg·mL−1 for PnPrOx of
60 kDa, the polarity of the solvent system tremendously affects the sol-
ubility and, thus, the electrospinnability of PnPrOx. This can be ex-
plained by the combination of both hydrophilic and hydrophobic
entities present in the polymer structure. The polarity of pure water
and water containing up to 20 vol% of ethanol is too high resulting in
complete insolubility of the polymer, which is reflected by zero trans-
mittance during turbidimetry experiments. As the polarity of the sol-
vent system decreases upon addition of more ethanol, the interchain
interactions become less pronounced as more ethanol is present to in-
teract with the hydrophobic sites of PnPrOx. Despite the suppression
of interchain interactions by ethanol, they are still sufficiently present
to induce phase separation. A gel-phase is formed which is separated
from a second, liquid phase (Fig. 1a, 30 vol%–50 vol% ethanol in
water). Depending on the vol% ethanol, the molar mass of the polymer
and the polymer concentration, the transparency of the gel-phase
changes. For solvent systems with up to 40 vol% of ethanol, the gels ap-
pear opaque as reflected by the zero transmittance during turbidimetry
experiments. By further increasing the amount of ethanol to 50 vol% the
gel-phase becomes transparent in a specific temperature window de-
pending on the molar mass and concentration of the polymer, e.g., be-
tween 6 °C and 30 °C for PnPrOx 30 kDa as determined by
turbidimetry (Fig. 1b).
The transparency of the gel-phase is again linked to the polarity of
the solvent system as an increase in solvent polarity enhances inter-
chain interactions resulting in hydrophobic domains that scatter the
light. These hydrophobic domains become less dense as the solvent sys-
tem becomes less polar. This phenomenon can be visually observed as
an increasing volume of gel-phase compared to liquid-phase as the vol
% of ethanol in the solvent system increases (Fig. 1a and Fig. S4). In
other words, a less polar solvent system allows for the polymer chains
to be more extended resulting in the transparent gel-phase. By further
decreasing the polarity of the solvent system upon addition of an excesshanol solvent systemswith different ratios show that, as the polarity of the solvent system
an opaque gel and a transparent gel to eventually a clear solution. In solvent systems with
em decreases (a). From 60 vol% onwards, the polymer is completely soluble in the water/
nt ratio is depicted as x/y with x the vol% of water and y the vol% of ethanol.
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without gel formation. Indeed, 100% transmittance is observed during
turbidimetry measurements, representing clear, electrospinnable solu-
tions for 40/60, 30/70, 20/80 and 10/90 water/ethanol solvent systems.
In pure ethanol, heating is required to fully dissolve the polymer, which
may be attributed to weaker interactions between the PnPrOx and eth-
anol compared to water, leading to slower dissolution in absence of
water.
Based on these observations the 0/100, 10/90, 20/80, 30/70 and 40/
60 water/ethanol solvent systems are selected to perform optimization
of the electrospinning process. Electrospinning from pure ethanol re-
sults in a rather unstable process due to high volatility of the solvent.
All other solvent systems result in nanofiber diameters between 200
and 400 nm, however 30/70 and 20/80 water/ethanol combinations
were found to give themost stable process (Fig. 2). As expected, viscos-
ity increases significantly with increasing polymer concentration
(Figs. S5 and S6). The nanofiber diameter follows this trend until uni-
form, bead-free nanofibers are obtained at concentrations of 35 wt%
and 25 wt% for PnPrOx 30 kDa and 60 kDa, respectively (Figs. S5 and
S6). The need for a lower polymer concentration at higher molar mass
is explained by the increase in chain entanglements with increasing
molar mass, which is a typical observation in electrospinning and was
also observed for solvent electrospinning PEtOx [27–30,33]. What is
also apparent for PnPrOx 60 kDa, is the increase in viscosity and there-
fore nanofiber diameter as the water content in the solvent system in-
creases (Fig. S6). As water is a poor solvent for PnPrOx, polymer-
polymer interactions are strengthened resulting in higher solution vis-
cosity, which is most pronounced for PnPrOx with the highest molar
mass. The ability to electrospin different PnPrOx concentrations and
molar masses brings the opportunity to play with process parameters
and design specific nanofiber morphologies, e.g., fiber diameters.
Like the bulk material, produced PnPrOx nanofibers exhibit
thermoresponsive behavior. The membranes are completely unstable
and dissolve in water below the determined Tcp values, i.e., 19 °C–
23 °C, yet themembranes do not dissolve nor swell above these thresh-
old temperatures and they show remarkable surface properties
(Fig. S7). Both above and below the determined Tcp values, nanofibrous
membranes show an initial contact angle of (119 ± 6)° (Figs. S8 and
S19). The nanofibrous surface is therefore much more hydrophobic
compared to thin films of the same polymers having contact angles ofFig. 2. SEM images of nanofibers based on 30 kDa (top) and 60 kDa (bottom) PnPrOx
solutions show good electrospinnablity from water/ethanol solvent systems.only (80 ± 10)°. Electrospinning polymers into nanofibers has exten-
sively been reported before to lead to an increase in the hydrophobicity
of material surfaces, which is of great interest for applications such as
self-cleaning and responsive smart materials, microfluidics, filtration
and biomedicine [44–51,58,59]. Increased hydrophobicity arises from
the inherent roughness of nanofibers created by their small diameter
and porous structure. This characteristic allows the surface to entrap
air, which is one of themost important factors next to the surface chem-
istry of the applied materials, to determine hydrophobicity of a surface
according to the Cassie-Baxter theory [60,61]. In case of PnPrOx nanofi-
bers, both requirements are likely to be fulfilled. The polymer itself pro-
vides hydrophobicity by the presence of apolar segments (alkyl side
chains) and the nanofibrous structure provides the required surface
roughness, resulting in high contact angles and hydrophobic properties
[61].
On top of the thermoresponsive solubility in deionized water, it is
important to investigate stability in other aqueous environments as
well. Depending on the foreseen biomedical applications, the produced
PnPrOx nanofibersmay likely come into contact with aqueous solutions
of different salinity. In previous studies it was already shown that spe-
cific salts, such as NaCl, act as Hofmeister salts for PnPrOx, thereby de-
creasing the cloud point temperature in aqueous solutions with
increasing salt concentration [62]. Based on immersion of the
nanofibrous membranes in aqueous solutions with different NaCl con-
centrations, it is here concluded that this salting out effect can be ex-
tended to the PnPrOx nanofibers. From Fig. S9 it is clear that the
stability of the PnPrOx nanofibers below 20 °C increases with water sa-
linity. In solutions that are rather salty, PnPrOx nanofibers are
completely stable. This means that the PnPrOx nanofibrous membranes
remain intact when in contact with physiological fluids, such as
phosphate-buffered saline (PBS) or sea water, which might be of inter-
est to real-life applications. In freshwater, such as deionized and typical
tap water, however, the membranes dissolve at 10 °C. Physical
crosslinking of the membranes will here be necessary to stabilize the
membranes.
3.2. Physical crosslinking of PnPrOx nanofibers
To improve water stability of the PnPrOx nanofibers in fresh water,
the membranes were physically crosslinked by dipping them in aque-
ous solutions with varying tannic acid concentrations. As PnPrOx nano-
fibers are soluble in water below the polymer's Tcp (20 °C), membranes
are immersed in tannic acid solutions at 30 °C. This is above the Tcp, but
below the Tg of PnPrOx to preserve the nanofiber's integrity (Fig. S10).
As can be seen from Fig. 3, the crosslinking process does not alter the
nanofiber morphology (more SEM images can be found in Figs. S11
and S12). However, note that at higher tannic acid concentrations, e.g.,
3%–4%, film formation starts between the nanofibers, which merges
into an entire film covering the membrane's surface at very high tannic
acid concentrations, i.e., 5%–10%. At high concentration, tannic acid is ca-
pable of intermolecular hydrogen bonding between its galloyl moieties
leading to formation of a film on the substrate's surface. This is also vi-
sually observed as a shiny layer on the otherwise matte surface of the
nanofibrous membranes (Fig. S13).
If the tannic acid concentration is limited, e.g., 0.1%–2%, the galloyl
moieties preferentially form hydrogen bonds with the carbonyl groups
of PnPrOx as depicted in Fig. 4a, thereby crosslinking the nanofibers.
The driving force for this process is the strong hydrogen bonding inter-
action between the carbonyl groups of the PAOx polymers (acceptor)
and the phenolic hydroxyl groups of tannic acid (donor) [39–41,43].
No film or aggregates are then observed, indicating that the tannic
acid is well distributed among the PnPrOx polymer chains.
IR and UV–Vis spectra of the physically crosslinked nanofibers
clearly show peaks from both components and the relative intensities
of the IR peaks corresponding to tannic acid increase with tannic acid
concentration applied during the crosslinking process, confirming the
Fig. 3. SEM images of nanofibrous membranes after immersion in aqueous solutions of varying tannic acid concentration show that the nanofiber integrity remains intact. At high tannic
acid concentrations a film is formed on the surface of the nanofibrous membranes.
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The formation of hydrogen bonds, i.e., crosslinks, between the polymer
and tannic acid is reflected by a shift of the peak corresponding to the
C_O stretching vibration of PnPrOx (1639 cm−1) towards lower
wavenumbers (1627 cm−1) in the IR spectra (Fig. 5) and by the shift
of the tannic acid peaks at 210 nm and 275 nm and the appearance of
two additional peaks at 235 nm and 300 nm in the UV–Vis spectra
(Fig. 4b) [63–67]. The latter phenomenon indicates that tannic acid is
present in two different forms being its neutral form, represented by
the peak maxima at 210 and 275 nm, and its phenolate or ionized
form, represented by the peak maxima at 235 nm and 300 nm
[65–67]. The peak maxima of the phenolate form are bathochromically
shifted with respect to the peak maxima of the neutral form as a result
of the larger delocalization of non-binding electrons. The shift of the
peak at 1700 cm−1 towards higher wavenumbers and the broadening
of the peak corresponding to\\OH around 3300 cm−1 in the IR spectra
further confirm the presence of inter- and/or intramolecular hydrogen
bonds of tannic acid molecules.
A spectral representation of the formation of the tannic acid film on
the surface of the nanofibrous membranes visualized by SEM analysis is
also apparent from the IR and UV–Vis spectra as the spectrum of tannic
acid completely overlaps with the spectrum of PnPrOx at high tannic
acid concentrations, i.e., 5%–10%. For instance, the peak maxima of
PnPrOx at 1460 cm−1 and 1428 cm−1 slowly get overshadowed by
the peak maximum of tannic acid around 1443 cm−1 with increasing
concentration. In UV–Vis spectroscopy the peak corresponding to the
neutral form of tannic acid at 275–280 nm is hypsochromically shifted
to 260 nm as the amount of tannic acid increases to 10%. At the same
time the additional peak at 300 nm corresponding to tannic acid's phe-
nolate form becomes more pronounced by bathochromically shifting to
330 nm. Additionally, the peaks at 210 nm and 235 nm seem to disap-
pear, suggesting that the peak maxima at 235 nm for tannic acid con-
centrations up to 4% arise from the specific hydrogen bond
interactions between PnPrOx and tannic acid.
The formation of hydrogen bonds between PnPrOx and tannic acid
significantly enhance the stability of the nanofibrous membranes in
water with limited salinity. Whereas pure PnPrOx nanofibers dissolve
in fresh water at temperatures below 20 °C, Fig. 6 clearly demonstrates
that the physically crosslinked nanofibers remain stable for at least 24 h
in all aqueous environments, including deionized water, tap water and
PBS (more SEM images can be found in Figs. S15 and S16). Depending
on the tannic acid concentration, different behavior is observed.Membranes that are crosslinked with low tannic acid concentrations,
e.g., 0.1%–0.5%, show a mechanical response while preserving their
nanofiber integrity. The membranes shrink during the tests due to the
limited amount of physical crosslinks combined with water absorption.
Membranes that are crosslinked with higher tannic acid concentrations
are dimensionally stable when immersed in water.
UV–Vis and IR spectroscopy following the water stability tests con-
firm that PnPrOx and tannic acid are both still present and hydrogen
bonds are established between both components (Figs. S17 and S18).
The tannic acid film formed on the membrane's surface during the
crosslinking procedure with high tannic acid concentrations, e.g., 5%–
10%, has disappeared after water immersion (Figs. S15 and S16) and
the otherwise by the film overshadowed IR and UV–Vis spectra now re-
semble the spectra of nanofibers crosslinkedwith lower tannic acid con-
centrations, e.g., 1% (Figs. S17 and S18). By immersion in water the film
is simply washed away leaving water-stable nanofibers behind. Indeed,
in IR spectroscopy for instance, the peak maxima at 1639 cm−1
representing the C_O stretching vibration of PnPrOx have clearly
shifted to approximately 1625 cm−1 as was also the case for nanofibers
crosslinked with low tannic acid concentrations, confirming the pres-
ence of hydrogen bonds between polymer and tannic acid.
Interestingly, the presence of nanoparticles was observed after the
water solubility tests in some cases. This phenomenon could be ex-
plained by the presence of an excess amount of tannic acid. By immer-
sion in water, most of this excess is removed, i.e., film is washed away,
yet some aggregates of tannic acid may be formed on the PnPrOx sub-
strate based on intermolecular hydrogen bonding.
3.3. Tannic acid provides tunable wettability
In addition to successfully crosslinking and thereby stabilizing
PnPrOx nanofibers in different aqueous environments at all tempera-
tures, tannic acid provides interesting functionality to the membrane
surface. As previously described, thenon-crosslinked PnPrOx nanofibers
show rather hydrophobic surface properties as reflected by a high con-
tact angle. However, for many applications where nanofibers are inves-
tigated for, a water-stable yet hydrophilic membrane could be of
interest, e.g., biomedical haemodialysis [74]. Tannic acid adds many hy-
drophilic groups to the nanofibrous surface (Fig. 4a), which influences
the surface wettability of the membranes. Indeed, the initial contact
angle decreases drastically after physical crosslinking with tannic acid,
regardless of temperature and water salinity (Fig. 7a, Figs. S19, S21,
Fig. 4. a) Schematic representation of hydrogen bonds created during physical
crosslinking between the hydroxyl groups of the galloyl moieties of tannic acid and the
carbonyl groups of the amides belonging to PnPrOx. b) UV–Vis spectroscopy of
crosslinked nanofibers show additional peak maxima arising from the presence of
tannic acid's phenolate form, indicating the presence of hydrogen bonds (210 nm:
combined absorption of the amide groups of PnPrOx and the π → π* transition of tannic
acid [63,64], 275–280 nm: absorption of phenyl groups of tannic acid (Fig. S14)
[63,65–67]).
7E. Schoolaert et al. / Materials and Design 192 (2020) 108747Movies 1, 2 and 3). Additionally, the contact angle can now be further
tuned over a range of 50° by altering the tannic acid concentration dur-
ing the crosslinking procedure (Fig. 7a). This allows the transformation
of a rather hydrophobic nanofibrous membrane into a tunable hydro-
philicmembrane simply by dipping themembrane in aqueous solutions
with different tannic acid concentrations. In the original, non-
crosslinked, PnPrOx nanofibers, the contact angle slowly decreases
after initial contact between the water droplet and the nanofibrous sur-
face as the droplet gets absorbed by the membrane (Fig. 7b and Movie
1). The speed of this water uptake can be manipulated by changing
the temperature as the droplet gets absorbedmuch faster at 10 °C com-
pared to 25 °C. This is because PnPrOx is more sensitive to water below
its cloud point temperature. Eventually, at low temperatures the mem-
brane is dissolved, whereas the membrane remains intact at higher
temperatures.
If the PnPrOx nanofibers are then crosslinked upon addition of tan-
nic acid, the membranes are not only protected from dissolution, thewater uptake after initial contact between the water droplet and the
crosslinked membrane is also significantly faster both below and
above the Tcp of the original PnPrOx (Fig. 7b).
Further analysis of the wetting behavior reveals that tannic acid not
only allows formanipulation of the contact angle and the speed ofwater
uptake, but also enables an entirely different behavior of droplet absorp-
tion. Fig. S20 illustrates how a colored water droplet is fully absorbed in
only 20 min compared to 1 h by respectively a crosslinked and a non-
crosslinked membrane. In addition, the colored water droplet does not
migrate through a crosslinked membrane. It is rather spread across
the surface and does not reach the back of the membrane. This is in
great contrast with the non-crosslinked samples, in which the colored
water is not spread over the sample surface. It is rather locally absorbed
and penetrates through the membrane all the way to the back of the
sample. The membrane even seems to shrink a bit as a consequence of
the membrane absorption. SEM images prove that for both crosslinked
and non-crosslinked samples, the nanofibrous structure is not damaged
by the absorption of the water droplet at room temperature (Fig. S22).
This behavior is observed for both fresh and salty water (Figs. S20 and
S21), indicating that the surface wettability is altered by the tannic
acid. So, without tannic acid, PnPrOx nanofibers are a rather hydropho-
bic material with low wettability, i.e., high contact angle. A water drop-
let is not spread across the surface but is taken up slowly as it penetrates
through the membrane, destroying the nanofibrous structure depend-
ing on temperature, i.e., above or below Tcp.When tannic acid is present,
a hydrophilic yetwater-stablemembrane is created, showing goodwet-
tability when in contact with a water droplet, i.e., low contact angle,
which is completely and quickly taken up by spreading it across the sur-
face. By simply dipping the PnPrOx nanofibers in tannic acid solutions, a
completely different and tunable behavior towards water can thus be
achieved. This might be of interest to specific applications. For example,
for water-based filtration processes it was shown that a hydrophilic
layer increases thewater flux and reduces incompletewetting and foul-
ing of a composite membrane filter [75–79]. Also for biomedical filtra-
tion, haemodialysis, hydrophilic surfaces are beneficial [74].
Furthermore, the procedure allows for the functionalization of only
one of the two membranes' surfaces, resulting in a material with a hy-
drophobic surface at one side and a hydrophilic surface at the other
side. An interesting material can thus be designed with high potential
for many applications that require specific interactions with aqueous
media.
So far, the membranes were always handled horizontally. But also
when held vertically or upside down, PnPrOx nanofibrous membranes
show interesting wetting behavior that is tunable upon addition of tan-
nic acid. The PnPrOxnanofibrousmembranes, both non-crosslinked and
crosslinked,were found to exhibit the so called rose-petal effect. This ef-
fect is known as the phenomenon where an aqueous droplet remains
spherical without rolling off the surface. Instead, the droplet attaches
to the surface even when the membranes are held upside down
(Fig. 8 and Movie 4) [61,80–82].
This phenomenon is ascribed to the presence of both micro-and
nanoscale roughness on the PnPrOx nanofibrous surface. The roughness
on nanoscale causes the high static contact angle whereas the rough-
ness on microscale shows such low density and height allowing water
to partially penetrate into the microstructure which results in high
water adhesion [50,61,80–82]. The same effect was also recently ob-
served in a few other nanofibrous systems by various authors and
could again be interesting for many applications such as filtration,
microfluidics, sensors and catalysis [50,83–85]. Especially because the
end-material is rarely used in horizontal position in these kind of appli-
cations, high water adhesion is beneficial to promote contact of thema-
terial with the aqueous phase.
The rose-petal effectwas further characterized bymeasuring the dy-
namic contact angles during tilting of the samples. Advancing and re-
ceding contact angles were measured and contact angle hysteresis
was calculated for different droplet volumes (Table S1). The maximum
Fig. 5. IR spectra reveal the presence of tannic acid in the physically crosslinked nanofibers as well as the presence of hydrogen bonds between PnPrOx and tannic acid (1639 cm−1: C_O
stretching vibration of PnPrOx [64,68–70], 1460 cm−1 and 1428 cm−1: alkane entities of PnPrOx [64,68–70], 1700 cm−1: C_O stretching vibration of tannic acid [68–73], 1606 cm−1: C\\O
vibration of tannic acid [68–73], 1443 cm−1:\\C\\C aromatic vibration of tannic acid [68–73]).
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rolling off, was determined. If the droplet did not roll off in vertical po-
sition, i.e., at 90° tilt, the left and right contact angle were measured as
the receding and advancing contact angle respectively. When the max-
imum volume was crossed and the droplet did roll off the sample sur-
face, the receding and advancing contact angles were determined at
the tilt angle just before the droplet started to roll off.
From Fig. 9 and Table S1 it is clear that not only the original PnPrOx
nanofibers exhibit the rose-petal effect. Upon physical crosslinking of
the membranes with tannic acid, the rose-petal effect is preserved,Fig. 6. Pictures and SEM images of physically crosslinked PnPrOx 30 kDa nanofibers (1 m% TA)
Compared to non-crosslinked PnPrOx nanofibers, physically crosslinked nanofibers remain intalthough the attachment of the droplet to the surface is again somewhat
different due to the hydrophilic entities that tannic acid introduces to
the surface. Indeed, the dynamic contact angles are lower if the mem-
branes are crosslinked with tannic acid, as was also the case for the
static contact angles. Moreover, the maximum volume that stays at-
tached to the surface in vertical position is only 20 μL compared to
30 μL in case of non-crosslinked membranes. At the same droplet vol-
ume, the tilt angle needed to initiate rolling is lower, e.g., 34° for a 1 m
% TA crosslinked membrane compared to 53° for a non-crosslinked
membrane (Table S1 andMovie 5). This could be ascribed to the higherafter water stability tests in aqueous solutions with different NaCl concentrations at 5 °C.
act in water with low salinity, so called fresh water, such as deionized and tap water.
Fig. 7. a) Initial contact angles in function of amount of physical crosslinking clearly show that non-crosslinked nanofibrous membranes show the highest contact angle. Physically
crosslinked membranes show a much lower initial contact angle which decreases further with increasing tannic acid concentration applied during the crosslinking procedure.
b) Contact angles of a water droplet on a PnPrOx 30 kDa nanofibrous membrane in function of time show that contact angles decrease as the water droplet is slowly taken up by the
membrane. At lower temperatures, e.g., 10 °C, the water uptake is faster in case of the original, non-crosslinked membranes due to its water sensitivity below its Tcp. For crosslinked
membranes, e.g., with 1 m% and 10 m% tannic acid, the water uptake is even faster than for the original membranes, regardless of temperature.
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spreading of the water droplet. So, the extent of the rose-petal affect
can be altered by the introduction of tannic acid on the nanofibrous sur-
face. Note that the advancing contact angles are similar to the previously
observed static contact angles and remainmore or less similar for differ-
ent droplet volumes. The receding contact angles, on the contrary, de-
crease with increasing droplet volume as the heavier, larger droplets
weigh down under gravity. This in turn results in larger contact angle
hysteresis if larger droplet volumes are applied (Table S1).
4. Conclusions
Despite its interesting properties, particularly for biomedicine, the
design of PnPrOx end-materials, including membranes, is still scarcely
investigated. In this work, electrospinning and further characterization
of PnPrOx nanofibrous membranes has been explored for the first
time, resulting in an important contribution to the knowledge, applica-
bility and potential of PAOx nanofibers in general.
It is shown that PnPrOx' thermoresponsivity highly depends on the
polymer concentration. The polymer is not soluble in water at the
high concentrations that are required for solvent electrospinning.
Therefore, environmentally friendly water/ethanol solvent systemsFig. 8. Visualization of the rose-petal effect. a) Water droplets of 2 μL attach to the
nanofibrous surface without rolling off when held vertically. b) Also higher droplet
volumes, e.g., 20 μL stay attached to the nanofibrous surface, evenwhenheldupside down.have been investigated, showing that well-defined PnPrOx of both
30 kDa and 60 kDa can be electrospun if at least 60 vol% ethanol is pres-
ent. Uniform, beadless nanofibers are obtained that show the typical
thermoresponsive behavior of the polymer in fresh water. In salty
water, such as PBS and sea water, the nanofibers are completely stable
at all temperatures.
A straightforward physical crosslinking procedure based on dipping
the nanofibrous membranes in aqueous tannic acid solutions is pro-
posed to circumvent the instability in fresh water below 20 °C. Tannic
acid further provides the PnPrOx nanofibers with additional surface
functionality as it introduces hydrophilic entities to the membrane sur-
face, thereby creating awater-stable yet hydrophilicmaterial. By chang-
ing the applied amount of tannic acid, PnPrOx nanofibers could be
changed from being a hydrophobic material that slowly absorbs a
water droplet throughout the pores of the membrane to a hydrophilic
material that quickly spreads a water droplet across its surface. As
crosslinked membranes showed higher affinity for water droplets, also
the extent of the rose-petal effect could be manipulated in such way
that water droplets roll off easier or at a smaller droplet volume. Further
research includes the design of a multilayer material where only one
side of the nanofibrousmembrane is functionalizedwith tannic acid, of-
fering different surface properties on either sides of the membrane.
This work shows that a popularmember of the PAOx group, PnPrOx,
can be processed into nanofibers in a straightforward and ecological
friendly way, allowing, by simply dipping in tannic acid solutions, the
design of its surface wettability characteristics to match the end-users
wishes. It is without doubt that PnPrOx nanofibers are an interesting
material with an easy-to-tune functional surface architecture, which
might be of great interest to both chemistry andmaterial sciences to de-
velop advanced applications in various fields where water caption and
transport are important, including biomedicine.
Synthesis procedure for monomers and polymers (PDF); 1H NMR-
spectra of the synthesized polymers (PDF); SEC-traces of the synthe-
sized polymers (PDF); Cloud point temperatures of PnPrOx 30 kDa
and 60 kDa (PDF); Pictures and turbidimetry analysis of PnPrOx
60 kDa (PDF); SEM images of PnPrOx 30 kDa nanofibers electrospun
from different water/ethanol solvent systems (PDF); SEM images of
PnPrOx 60 kDananofibers electrospun fromdifferentwater/ethanol sol-
vent systems (PDF); SEM images of nanofibers immersed in water at
25 °C and 30 °C (PDF); Pictures of a water droplet on a PnPrOx film
and PnPrOx nanofibers (PDF); MDSC traces of PnPrOx (PDF); SEM im-
ages of physically crosslinked PnPrOx 30 kDa nanofibers after dipping
Fig. 9. Advancing and receding contact angles (Adv CA and Rec CA) at a tilt of 90° for a non-crosslinked PnPrOx 30 kDa nanofibrous membrane (left) and a 1 m% TA crosslinked PnPrOx
30kDananofibrousmembrane (right) at different droplet volumes. Advancing contact angles (filleddots) seem tobe similar for different droplet volumeswhereas receding contact angles
(empty dots) decreasewith increasing droplet volume. The red dots represent the volumes atwhich the droplet rolled off during tilting. This occurred at a tilt of 53°with a 40 μL droplet for
thenon-crosslinkedmembrane and at a tilt of 60° or 34° for the crosslinkedmembraneswith 30 μL and 40 μL respectively.
10 E. Schoolaert et al. / Materials and Design 192 (2020) 108747in tannic acid solutions (PDF); SEM images of physically crosslinked
PnPrOx 60 kDa nanofibers after dipping in tannic acid solutions (PDF);
Pictures of nanofibrous membranes after physical crosslinking (PDF);
UV–Vis spectrum of tannic acid (PDF); SEM images of physically
crosslinked PnPrOx 30 kDa nanofibers showing water stability (PDF):
SEM images of physically crosslinked PnPrOx 60 kDa nanofibers show-
ing water stability (PDF); UV–Vis spectroscopy before and after the
water stability tests (PDF); IR spectroscopy before and after the water
stability tests (PDF); Initial contact angles of non-crosslinked and
crosslinked PnPrOx 30 kDa nanofibrousmembranes at 10 °C (PDF); Pic-
tures of a fresh water droplet on crosslinked and non-crosslinked
PnPrOx 30 kDa nanofibrous membranes (PDF); Pictures of a salty
water droplet on crosslinked and non-crosslinked PnPrOx 30 kDa
nanofibrous membranes (PDF); SEM images of non-crosslinked and
crosslinked PnPrOx 30 kDa nanofibrous membranes after absorption
of a colored water droplet at room temperature (PDF); Table with dy-
namic contact angles in function of droplet volume determined by
tilting crosslinked and non-crosslinked PnPrOx 30 kDa nanofibrous
samples (PDF); Movie showing the slow uptake of a water droplet by
a PnPrOx 30 kDa nanofibrous membrane (AVI); Movie showing the
fast initial decrease in contact angle when a water droplet touches a
1 m% TA crosslinked PnPrOx 30 kDa nanofibrous membrane (AVI);
Movie showing the fast initial decrease in contact angle when a water
droplet touches a 10 m% TA crosslinked PnPrOx 30 kDa nanofibrous
membrane (AVI); Movie showing the rose-petal effect as a PnPrOx
30 kDa nanofibrous membrane is tilted from 0° to 90° (AVI); Movie
showing a water droplet, which crossed the maximum volume for the
rose-petal effect, rolling off a PnPrOx 30 kDa nanofibrous membrane
tilted from 0° to the roll off angle (AVI). Supplementary data to this ar-
ticle can be found online at https://doi.org/10.1016/j.matdes.2020.
108747.
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